Abstract A 39-year-old woman with autosomal dominant polycystic kidney disease (ADPKD) presented with acromegaly and a pituitary macroadenoma. There was a family history of this renal disorder. She had undergone surgery for pituitary adenoma 6 years prior. Physical examination disclosed bitemporal hemianopsia and elevation of both basal growth hormone (GH) 106 ng/mL (normal 0-5) and insulin-like growth factor (IGF-1) 811 ng/mL (normal 48-255) blood levels. A magnetic resonance imaging scan disclosed a 3.0 cm sellar and suprasellar mass with both optic chiasm compression and left cavernous sinus invasion. Pathologic, cytogenetic, molecular and in silico analysis was undertaken. Histologic, immunohistochemical and ultrastructural studies of the lesion disclosed a sparsely granulated somatotroph adenoma. Standard chromosome analysis on the blood sample showed no abnormality. Sequence analysis of the coding regions of PKD1 and PKD2 employing DNA from both peripheral leukocytes and the tumor revealed the most common PKD1 mutation, 5014_5015delAG. Analysis of the entire SSTR5 gene disclosed the variant c.142C[A (p.L48M, rs4988483) in the heterozygous state in both blood and tumor, while no pathogenic mutations were noted in the MEN1, AIP, p27Kip1 and SSTR2 genes. To our knowledge, this is the fourth reported case of a GHproducing pituitary adenoma associated with ADPKD, but the first subjected to extensive morphological, ultrastructural, cytogenetic and molecular studies. The physical proximity of the PKD1 and SSTR5 genes on chromosome 16 suggests a causal relationship between ADPKD and somatotroph adenoma.
Introduction
Autosomal dominant polycystic kidney disease (ADPKD), an inherited disorder caused by germline mutations in the PKD1 and PKD2 genes, presents with renal manifestations and, in some cases, hepatic and pancreatic cysts as well as vascular abnormalities [1, 2] . Acromegaly results from excessive secretion of growth hormone (GH) by a somatotrophic pituitary adenoma, usually sporadic in nature [3, 4] . The association of ADPKD with pituitary adenoma is rare [5, 6] . We report here a 39-year-old woman with ADPKD and acromegaly. Genetic studies were undertaken in an effort to determine whether the PKD1 and SSTR5 genes on chromosome 16 may be involved in the molecular pathogenesis of somatotroph adenomas in ADPKD.
Subject and methods

Case report
A 39-year-old woman had undergone surgery for pituitary adenoma 6 years prior. At that time, there was no clinical evidence of acromegaly; aside from mild hyperprolactinemia, data regarding pituitary hormone blood levels was unavailable. Neither immunohistochemical nor ultrastructural studies had been undertaken. Postoperatively, the patient was treated with bromocriptine for 5 years. Of note was a family history of ADPKD, two uncles being affected.
Recently, the patient presented with headache and visual disturbance. Physical examination disclosed clubbing of fingers and enlargement of the jaw, as well as other features of acromegaly affecting the face, hands and feet. Visual field examination showed nearly complete right visual loss and left temporal hemianopsia. An MRI scan demonstrated a 3-cm sellar mass with suprasellar extension and chiasmal compression (Fig. 1a, b) . Abdominal computed tomography (CT) disclosed innumerable bilateral kidney and liver cysts (Fig. 1e, f) , although renal and hepatic function was normal. Blood hormone levels were as follows: GH 106 ng/mL (normal \5.0); 60 min post glucose GH 90 ng/mL (\1.0), insulin-like growth factor-1 (IGF-1) 811 ng/mL (48-255); prolactin (PRL) 23.1 ng/mL (0-15); luteinizing hormone (LH) 0.1 mIU/mL (2-12); follicle-stimulating hormone (FSH) 1.7 mIU/mL (1-8); thyroid-stimulating hormone (TSH) 1.11 mIU/mL (0.5-6.0), free thyroxin (T4) 1.0 ng/dL (0.8-1.8), and cortisol 19 mcg/dL . Transsphenoidal surgery was undertaken. The resection was subtotal; minor residual tumor involved the left cavernous sinus (Fig. 1c, d ). One month after surgery, blood hormone levels were as follows: GH 1.13 ng/mL (normal \5.0) and insulin-like growth factor-1 (IGF-1) 393 ng/mL (48-255). At 8 months, basal GH measured 2.5 ng/mL (post glucose level 2.2 ng/mL) and IGF-1 365 ng/mL. Treatment with octreotide, a long-acting somatostatin analog, was begun at a dose of 20 mg per month. The response has been favorable. Biochemical control of pituitary disease was achieved after some months (GH 0.82 ng/mL and IGF-1 181 ng/mL). A recent CT scan also revealed stabilization of renal and hepatic cysts after 2 years of medical therapy.
Pathology
The surgically removed tumor was formalin-fixed, paraffin-embedded, sectioned at five microns and stained with hematoxylin-eosin and the periodic acid-Schiff (PAS) method. Immunohistochemistry (streptavidin-biotin-peroxidase complex method) was performed using antibodies directed against GH (Novocastra, Burlingame, CA, USA; 1:5,000, polyclonal), PRL (Immunotech, Westbrook, ME, USA; 1:1,000, monoclonal), adrenocorticotropin (ACTH; Dako, Carpinteria, CA, USA; 1:1,000, polyclonal), TSH (Dako, 1:50, monoclonal), FSH (Dako, 1:50, monoclonal), LH (NIH Bethesda, MD, USA; 1:5,000, polyclonal), a-subunit of human chorionic gonadotropin (a-HCG; Biogenex, San Ramon, CA, USA; 1:50, monoclonal), low molecular weight keratin (CAM-5.2, Becton-Dickinson, San Jose, CA, USA; 1:150), and Ki-67 antigen (LabVision, Fremont, CA, USA; 1:200, monoclonal). For transmission electron microscopy, glutaraldehyde-fixed, osmicated, Epon-embedded tissue was studied on a Hitachi 7650 transmission electron microscope.
Cytogenetics
G-banding at 500-600 band resolution was performed on cultured PHA-stimulated peripheral lymphocytes. In addition, replication banding (RBHG) was performed with a 6 hour terminal pulse of BrdU in order to study early and late replicating regions.
Molecular analysis
Studies were based upon tumor frozen immediately after surgery as well as DNA from blood and the tumor. The entire coding and flanking intronic regions of PKD1 and PKD2 were screened for mutations by direct sequencing as previously described [7, 8] . Also investigated were genes associated with familial pituitary tumor susceptibility. PCR amplification of the entire coding and promoter region of each gene was performed using primers and experimental conditions described previously [9] [10] [11] . The purified PCR products were sequenced using Big Dye Terminator v3.1 (Applied Biosystems, Foster City, CA) and an automated sequencer (ABI Prism 3130 xl DNA Analyzer, Applied Biosystems, Foster City), according to the manufacturer's recommendations. All variants were confirmed in independent experiments.
In silico analysis
Six different web-available mutation predictor softwares, Sort Intolerant From Tolerant, SIFT (http://sift.jcvi.org), Polymorphism Phenotyping, PolyPhen-2 (http://genetics.bwh. harvard.edu/pph2), PMUT (http://mmb2.pcb.ub.es:8080/ PMut), SNAP (http://rostlab.org/services/SNAP), Protein Analysis Through Evolutionary Relationships, PantherPSEC (http://pantherdb.org/tools/csnpScoreForm.jsp) and Align Grantham Variation and Grantham Deviation, Align-GVGD (http://agvgd.iarc.fr/agvgd_input.php), all of which utilize algorithms based on sequence homology, and two others that assess the protein structure, MU-Pro http://www.ics.uci.edu/ *baldig/mutation.html and I-Mutant 2 http://gpcr.biocomp. unibo.it/cgi/predictors/I-Mutant2.0/I-Mutant2.0.cgi, were used to gain further information regarding the possible pathogenicity of the missense variants found in the studied genes.
Results
Pathology
By light microscopy, the slightly acidophilic, PAS-negative pituitary adenoma exhibited a diffuse growth pattern and mild cellular as well as nuclear pleomorphism, mitotic figures being rare. Immunohistochemistry demonstrated reactivity for GH in almost all cells and PRL in a few. Stains for ACTH, FSH, LH, TSH and alpha-subunit were negative. The nuclear labeling index using the MIB-1 antibody was estimated at 4-8% (Fig. 2a-e) . Ultrastructurally, the sparsely granulated growth hormone cell adenoma was composed of medium to smaller size polyhedral to round cells. The uniformly ovoid to crescentic nuclei contained small to moderate size nucleoli and delicate heterochromatin. Rough endoplasmic reticulum was moderately developed. Polyribosomes were abundant. Golgi was not prominent, its flattened sacculi often being displaced by fibrous bodies which were noted in at least 30% of cells and consisted mainly of tubular smooth endoplasmic reticulum. Mitochondria were normal in number, size and ultrastructure. Secretory granules were sparse, randomly scattered and measured 90-236 nm (mean 155 nm) (Fig. 2f) . Based upon histologic, immunohistochemical and electron microscopic findings, a diagnosis of sparsely granulated GH cell adenoma was made.
Cytogenetics
Both G-and replication banding were normal, i.e., compatible with a 46, XX karyotype without detectable mosaicism or structural rearrangements.
Molecular analysis
Molecular analysis of the PKD1 and PKD2 genes
Sequencing analysis of the patient's blood and the tumor revealed the most common PKD1 mutation, 5014_5015delAG (Fig. 3) . The normal allele was also present in the tumor, indicating no loss of heterozygosity of this region.
Molecular analysis of the SSTR2, SSTR5, MEN1, p27Kip1 and AIP genes
Sequencing was carried out on the SSTR2 and SSTR5 genes, both composed of one exon that encodes either a 369 or a 364 amino acid transmembrane G-protein coupled receptors involved in somatostatin-mediated GH suppression. To verify whether the patient was at additional genetic risk of developing pituitary tumors, the MEN1, p27Kip1 and AIP genes were also analyzed. No germline pathological variants of these genes, as well as of the SSTR2 gene were found. However, the c.142C[A, nonsynonymous transversion (rs4988483) leading to the p.L48M substitution in the SSTR5 receptor was identified in a heterozygous state in the patient's blood DNA. Somatic analysis at the tumor level was also performed and showed the presence of both C/A alleles, indicating maintenance of heterozygosity at the SSTR5 locus (Fig. 4 ). This variant, described in the NCBI SNP database (http:// www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?type=rs&rs=4988 483#validation), has a frequency of *3% in Hispanic populations.
In silico analysis
The likelihood of pathogenicity of the p.L48M change in the SSTR5 receptor, which involves two amino acids with similar physicochemical properties (aliphatic hydrophobic side chains), was evaluated by six evolutionary-based softwares. All packages classified this missense variant as neutral/benign. However, the two softwares (MU-Pro and I-Mutant 2) that assessed the consequences to the protein structure of the SSTR5-L48M receptor indicated a possible decreased stability compared to wild-type SSTR5.
Discussion
To our knowledge, three previous cases of acromegaly associated with ADPKD have been reported [5, 6, 12] . The first was published by Fajfr et al. in [5] . The patient, a 24-year-old woman with ADPKD undergoing an MRI study for aneurysm was found to have an incidental pituitary tumor. Three years later, it had grown and was resected. Blood tests at that time showed high IGF-1 (569 ng/mL; normal 230-546 ng/mL) and elevation of GH after an oral glucose tolerance test (5.7 ng/mL; normal \1 ng/mL). In 2005 Kannabiran [6] reported the second case, that of a 50-year-old woman with ADPKD, a 1.1 cm pituitary tumor and high blood levels of GH, PRL and IGF-1. The GH level was not suppressed upon glucose tolerance testing. A transsphenoidal resection was undertaken. Although no physical signs of acromegaly were evident, shoe size diminished. The third case, briefly mentioned by Ruggeneti et al. [12] , involved a woman with ADPKD and acromegaly in whom the renal cysts showed no appreciable change after 2 years of long-acting somatostatin analogue treatment used to control GH excess. The authors suspected a potentially beneficial effect of octreotide in ADPKD patients. In our case, the patient presented with acromegaly and both chiasmal compression and visual disturbance.
After surgery and at follow-up, persistence of GH excess and of acromegaly prompted octreotide therapy. Interestingly, only GH-producing adenomas have been reported to occur in association with ADPKD; all four patients were females. Among the three previously reported cases, histology was only available in one [5] . Our case is the first with a detailed morphologic investigation. Somatostatin exerts its inhibitory effect upon growth hormone, insulin and glucagon secretion by interaction with G-protein-coupled somatostatin receptors [4, [13] [14] [15] . The two forms of endogenous somatostatin, composed of 14 and 28 amino acids, respectively, elicit cellular responses via five ubiquitously expressed somatostatin receptor subtypes, SSTR1 through 5. They are encoded by separate genes located on different chromosomes and are expressed in unique or partially overlapping distributions in various target organs. All the subtypes are expressed in the human fetal pituitary whereas the adult human pituitary expresses mainly SSTR1, 2, 3 and 5 [13] [14] [15] [16] . Pituitary SSTR2 and 5 are abundant in normal pituitary cells, whereas the other receptor subtypes are less represented. Their expression in pituitary tumors also differs [17] [18] [19] [20] ; in human GH adenomas, SSTR2 and 5 are predominantly expressed. This has been the conceptual basis for using therapeutically long acting somatostatin analogs to reduce GH levels in acromegaly [21] [22] [23] . Thus, such somatostatin receptor ligands as octreotide and lanreotide are used to treat acromegaly [24] . It is of note that some patients with acromegaly do not respond to these long-acting somatostatin analogs. Resistance appears to be related to reduction of SSTR density, to differential expression of SSTR subtypes [25] [26] [27] [28] , or to a SSTR5 mutation [29] .
Ruggenenti et al. [12] observed stabilization of renal cysts in an ADPKD patient with pituitary adenoma treated with octreotide for 2 years. The authors hypothesized that octreotide may have beneficial effects upon renal function in this disorder. Several recent randomized trials have shown a benefit of somatostatin analogue treatment upon both renal and liver disease in ADPKD and autosomal dominant polycystic liver disease (ADPLD) [30] [31] [32] . In a type of ''gene environment'' interaction, the uncontrolled elevation of IGF-1 may have modified the severity of the renal disease in our patient [33] . After 2 years of treatment with octreotide, both renal and hepatic cysts showed no progression. ADPKD patients are known to have a high incidence of intracranial aneurysms [1, 2] . A recent report indicates the same is true of acromegaly [34] . This may be yet another link of the two conditions.
Mutations in PKD1 and 2 cause ADPKD [1, 2] . The PKD1 gene is located on the short (p) arm of chromosome 16 at position 13.3 (gene location 2,078,711-2,125,899 bp from the p-telomere). The SSTR5 gene is also located on chromosome 16 and in the same region of the PKD1 gene, its location being 1,062,757-1,071,438, bp i.e., about 1 Mb (*1 cM) from it. Both genes, along with that of tuberous sclerosis 2 (TSC2), form part of a synteny group and are evolutionarily conserved [35] .
The association of GH-producing adenoma with AD-PKD is of particular interest given the proximity of the two genes. In the present case, we considered the possibility that a macro-rearrangement involving both genes could be the basis of the concurrence of acromegaly and ADPKD. However, since a point mutation was evident in PKD1, not a large deletion, our findings do not indicate a contiguous gene syndrome. If PKD1 is involved in the regulation of other genes in its proximity, it may be possible that some interaction exists between the two genes.
On the NCBI database (http://www.ncbi.nlm.nih.gov/ SNP/snp_ref.cgi?rs=rs4988483), the SSTR5 p.L48M is a validated, non-synonymous variant (rs4988483) described in heterozygotes in 0-4% of control populations of diverse ethnicity. Among 14 different populations included in this database, only one (CAUC3) presented higher frequency of the p.L48M mutated allele (11.4%). Interestingly, there is recent evidence indicating a potential role of SSTR variants in determining hormone levels and tumor behavior (drug resistance). Ballarè et al. [29] reported SSTR5 p.R240W in a patient with pituitary tumor exhibiting somatostatin analog resistance, while SSTR5 variants were described in association with increased GH and IGF levels in patients with sporadic acromegaly [17] . More recently, 4,600 subjects from Sweden (prostate cancer patients and controls) were subject to SSTR1 through 5 genotyping. A significant association was noted between the p.L48M-SSTR5 variant and IGF-1 and IGFBP3 serum levels [36] . This SNP is actually associated with a reduction in circulatory IGF-1/ IGFBP 3, which should translate into greater responsiveness to somatostatin analog treatment. This is consistent with the patient's clinical course after octreotide therapy. It has also been suggested that this polymorphism is associated with bipolar affective disorder [37] and pancreatic cancer [38] .
Since SSTR5 and 2 are the main receptors controlling somatostatin-mediated GH suppression, the p.L48M variant may somehow impair proper function of the receptor and thereby play a role in adenomagenesis. The fact that leucine-48 is an evolutionarily conserved amino acid and that our bioinformatics analyses indicate that this change could lead to decreased stability, supports possible pathogenicity of the p.L48M variant. In fact, the adenoma subtype in our case, sparsely granulated GH cell adenoma, has been shown to be more aggressive than the densely granulated variant [4] . While in silico methods are useful, providing insight into the possible pathogenicity of unclassified variants, they are a preliminary step directing further investigation into the functional consequences of a mutation and/or variant. The evidence presented, that this polymorphism plays a pathogenic role, is scant. Only two of the six software programs accessed predicted that the L48M alteration could affect the SSTR5 protein, altering its stability. In order to validate this prediction, more experimental studies are needed. These include immunohistochemistry for SSTR5 [39] and in vitro pulse chase assay of variant versus wild-type SSTR5 protein to assess effects upon protein stability. A further possibility is that linkage disequilibrium between this SNP and another causative genetic event is co-influential in the molecular etiology of concurrent kidney and pituitary disease. The proximity between the SSTR5 and PKD1genes raises intriguing questions. It may well be that the GH-producing pituitary adenoma and ADPKD are unrelated and due to two independent gene alterations. We recommend a prospective study of the presence of acromegaly and/or SSTR5 polymorphisms in patients with ADPKD in order to establish the true incidence of this SNP. The possibility, however, cannot be excluded that a causal relation exists between the pituitary tumor and the ADPKD. More cases have to be analyzed to find the answer to this unresolved question.
